Nociception is an evolutionarily conserved mechanism to encode and process harmful environmental stimuli. Like most animals, Drosophila melanogaster larvae respond to a variety of nociceptive stimuli, including noxious touch and temperature, with stereotyped escape responses through activation of multimodal nociceptors. How behavioral responses to these different modalities are processed and integrated by the downstream network remains poorly understood. By combining trans-synaptic labeling, ultrastructural analysis, calcium imaging, optogenetics and behavioral analyses, we uncovered a circuit specific for mechanonociception but not thermonociception. Notably, integration of mechanosensory input from innocuous and nociceptive sensory neurons is required for robust mechanonociceptive responses. We further show that neurons integrating mechanosensory input facilitate primary nociceptive output by releasing short neuropeptide F, the Drosophila neuropeptide Y homolog. Our findings unveil how integration of somatosensory input and neuropeptide-mediated modulation can produce robust modality-specific escape behavior.
Sensing noxious stimuli and responding with appropriate nociceptive responses is essential for avoiding potentially harmful environments [1] [2] [3] . The somatosensory systems of vertebrates and invertebrates feature distinct neuronal subtypes that sense different modalities (for example, innocuous or nociceptive touch or temperature) and convey converging and diverging information to higher brain centers. This requires a multilayered, hierarchical neuronal network that reliably detects and integrates innocuous or nociceptive stimuli and translates them into appropriate behavioral responses. Moreover, neuromodulation by neuropeptides may add additional complexity to somatosensory information processing in both vertebrates and invertebrates, either by acting locally as co-neurotransmitters or globally via widespread tonic release [4] [5] [6] [7] . In Drosophila, over 40 neuropeptides and corresponding G-protein-coupled neuropeptide receptors have been identified so far and shown to regulate various behaviors, including thermonociceptive sensitisation 7, 8 . How different somatosensory modalities are integrated at the circuit level and modulated by neuropeptide signaling to affect nociceptive behavior is thus of great interest.
The Drosophila larval peripheral nervous system provides a genetically tractable model to address these questions. It features type l ciliated neurons (chordotonal and external sensory neurons) 9 , bipolar (bd) neurons and four classes of dendritic arborization (da) neurons (C1da-C4da) 10, 11 . While C2da and C3da neurons respond to innocuous touch 12, 13 , C4da neurons are multimodal nociceptors responding to harsh mechanical touch, noxious temperatures [14] [15] [16] [17] [18] [19] [20] and strong UV and blue light 21 . Nociceptive stimuli or optogenetic activation of C4da neurons in Drosophila larvae elicit a nocifensive response characterized by stereotyped rolling behavior followed by locomotion speedup 22, 23 . The role of C4da neurons as primary nociceptors is well established, yet the complexity of their downstream circuitry has just started to emerge 24 . An extensive hierarchical network integrates nociceptive and high-frequency vibration cues, which enhance nociceptive behavioral responses. Indeed, most natural stimuli elicit multisensory responses that enhance the selection of specific behaviors [25] [26] [27] . However, how the network processes modality-specific sensory input to produce stimulus-dependent actions remains elusive. Here we identified previously uncharacterized nociceptive network components and a neuromodulatory feedback mechanism specifically required for C4da neuron-mediated mechanonociceptive responses.
RESULTS

A08n neurons are synaptically connected to C4da neurons
We identified downstream targets of C4da neurons by generating new Gal4 insertion fly lines using the InSITE (integrase swappable in vivo targeting element) system 28 . In one line, Gal4 expressing neurons displayed projections in close proximity to C4da axon terminals (6.14.3-Gal4,UAS-CD4-tdGFP,ppk-CD4-tdTomato; Supplementary Fig. 1a ). Flipase (Flp)-mediated single-cell labeling revealed that 6.14.3-Gal4 expression labeled two interneurons with cell bodies located in abdominal segment 8 and forming a dense network of processes mirroring the ladder-like structure of C4da axon terminals in the ventral nerve cord (VNC; Fig. 1a,a″ and Supplementary Fig. 1b ). Each of 1 0 8 6 VOLUME 20 | NUMBER 8 | AUGUST 2017 nature neurOSCIenCe a r t I C l e S the two neurons formed contralateral projections, with ipsilateral and contralateral arborizations overlapping with C4da terminals. A dorsal axonal projection terminated in the gnathal ganglia. Notably, these neurons were identical to A08n neurons ( Supplementary Fig. 1c ), which are labeled in another Drosophila line (82E12-Gal4) that originated from an activation screen for nociceptive behavior 23 . We next used an intersectional split-Gal4 (spGal4) approach to limit Gal4dependent gene expression to A08n neurons and two weakly labeled anterior CNS neurons (Supplementary Fig. 1d) .
We investigated the compartmentalization of A08n neurons using UAS-transgenes that specifically label presynaptic active zones (UAS-Brp-short-mCherry) or postsynaptic specializations (UAS-Dα7-GFP), together with an anti-Fas3 antibody that visualizes C2da, C3da and C4da neuron terminals. Expression in A08n neurons revealed that Dα7-GFP specifically labeled punctate structures colocalizing with the innermost Fas3-labeled fascicle, the C4da terminals ( Fig. 1b,b′) . Conversely, Brp signals did not overlap with C4da axon terminals but labeled the A08n axon terminating in the gnathal ganglia ( Fig. 1b,b″) .
We next tested whether presynaptic active zones of C4da neurons are in apposition to postsynaptic specializations of A08n neurons. To this end, we specifically expressed Brp-short-mCherry in C4da neurons and Dα7-GFP in A08n neurons and found that this was indeed the case (Fig. 1c,c′ and Supplementary Fig. 1e,f) . To further corroborate the existence of synaptic contact between C4da and A08n neurons, we expressed split-GFP-tagged synaptobrevin (27H06-LexA,LexAop-spGFP1-10-Syb) and CD4 (82E12-Gal4,UAS-spGFP11-CD4), respectively, for activity-dependent GFP reconstitution across synaptic partners (Syb-GRASP) 29 . Indeed, we detected reconstituted GFP punctae localized along the entire C4da neuron axon ladder (Fig. 1d,d′ and Supplementary Fig. 1g ).
Finally, we expressed the presynaptic marker Rab3-GFP in C4da neurons (trpA1-QF,QUAS-rab3-GFP) and expressed membranebound GFP in A08n neurons to obtain distinguishable compartmental labeling using immunoelectron microscopy (EM; Fig. 1e ). In the ventromedial neuropil of VNC cross-sections we identified diaminobenzidine (DAB)-labeled presynaptic vesicles of C4da neurons making synaptic contacts with postsynaptic membrane compartments of A08n neurons (Fig. 1f,f′) . Semiquantitative analyses of EM sections showed that ~28% of C4da neuron presynapses were connected to A08n neurons (57 of 203 C4da presynapses; n = 52 sections from 2 larval brains). Taken together, our data show that A08n neurons received extensive direct synaptic input from C4da neurons.
DP-ilp7 neurons are connected to multiple sensory neuron subtypes Subsequently, we also identified two insulin-like peptide 7 (ilp7)producing neurons located in the first abdominal segment (dorsal pair (DP)-ilp7) 30 that extend neurites overlapping with C4da axon terminals ( Supplementary Fig. 2a ). Single-cell labeling showed that DP-ilp7 neurons spanned the entire VNC, with ipsilateral neurites forming a loose network around Fas3-labeled sensory axon terminals and additional ventrolateral branches within the abdominal segments ( Fig. 2a and Supplementary Fig. 2b-c) . DP-ilp7 dorsal axons project to the pars intercerebralis region in the brain lobes.
The arborization pattern of DP-ilp7 cells in the ventral neuropil suggested that they might not only receive input from C4da but also from C2da or C3da neurons, which form laminated terminal projections adjacent to C4da terminals 31 . We therefore investigated the compartmental organization of DP-ilp7 neurons and found that, as in A08n neurons, Dα7-GFP but not Brp-short-mCherry labeled the fine neurites and ventrolateral branches projecting within the sensory terminal region, showing that these structures were likely dendrites ( Fig. 2b,b″) .
Most of the postsynaptic Dα7-GFP puncta were found surrounding the Fas3 labeled axons ( Fig. 2b″ and Supplementary Fig. 2d ,d′) indicating input from multiple subtypes of sensory neurons. In contrast, Brp signals were restricted to the major DP-ilp7 neurite, with strong axonal labeling extending anteriorly into the pars intercerebralis ( Fig. 2b,b′ and Supplementary Fig. 2d ). Using Syb-GRASP, we also detected reconstituted GFP between C4da and DP-ilp7 neurons, which strongly suggested direct synaptic contact (Fig. 2c,c′ and Supplementary Fig. 2e ). To test whether DP-ilp7 neurons received additional synaptic input from other sensory neurons, we used a dendritic-arborization neuron-specific driver (21-7-Gal4) and indeed found specific GFP reconstitution along lateral and medial DP-ilp7 dendrites (Fig. 2d,d′ and Supplementary Fig. 2e ). Notably, C2da neurons possess distinctive ventrolateral projections 31 ( Supplementary  Fig. 2c,f ), suggesting that they may be in contact with lateral dendrites of DP-ilp7 neurons. We also tested a C3da neuron-specific Gal4 line (nompC-Gal4), but we could not detect Syb-GRASP signals with DP-ilp7 neurons, despite the close apposition of C3da sensory terminals and DP-ilp7 dendrites (data not shown). These data suggest that DP-ilp7 neurons receive synaptic input from distinct classes of sensory neurons, such as C4da and C2da neurons.
To corroborate these findings, we performed EM to analyze DAB labeling of Brp-short-mCherry expressed in sensory da neurons (217-Gal4, UAS-Brp-short-mCherry) and membrane-bound CD4-tdTomato in DP-ilp7 neurons (ilp7-LexA,LexAop-CD4-tdTomato; Fig. 2e,f) . We found active zones of dendritic-arborization neurons both on ventrolateral as well as ventromedial DP-ilp7 projections closest to the midline confirming that dendritic-arborization neurons form synaptic contacts with DP-ilp7 ( Fig. 2f′,f″) . These findings show that DP-ilp7 neurons receive direct sensory input, likely at least from C2da and C4da neurons.
A08n neurons respond to C4da neuron activation and are necessary for nociceptive behavior To corroborate A08n and DP-ilp7 neurons as previously uncharacterized components of the nociceptive circuit, we first tested the functional relevance of A08n neurons. We optogenetically activated C4da neurons with CsChrimson 32 while monitoring calcium responses in A08n neurons labeled with GCaMP6m in live larval preparations. A08n neurons but not local interneurons (labeled by Gal4 expression in 6.14.3-Gal4 larvae) showed robust calcium responses after optogenetic activation of C4da neurons (Fig. 3a,b and Supplementary Video 1).
To examine whether A08n neurons respond to mechanonociceptive stimulation, we used a 45-mN von Frey filament, which was also able to elicit C4da neuron-dependent nociceptive behavior ( Fig. 3c) . Mechanical stimulation of an intact abdominal segment (a4 or a5) in our preparations (82E12-Gal4,UAS-GCamP6m) resulted in A08n neuron responses comparable to those elicited by optogenetic C4da activation ( Fig. 3a,a′) . These results confirmed that A08n neurons were functionally connected to C4da neurons and able to respond to mechanonociceptive stimuli.
We next assessed whether A08n neurons play a role in nociceptive behavior. C4da neurons have been shown to mediate nociceptive responses to mechanical stimuli by eliciting rolling behavior 14, 15, 22 . We stimulated abdominal segments (a4 or a5) of each w 1118 control animal twice within 2 s using a von Frey filament (45 mN) . Notably, nociceptive response rates were low after the first stimulus and strongly increased after the second stimulus, suggesting that the nocifensive response was sensitized after multiple stimulations ( Fig. 3c) . We observed both rolling and C-shaped body-bending without execution © 2017 Nature America, Inc., part of Springer Nature. All rights reserved. a r t I C l e S of a complete roll (termed 'bending'). Both responses were virtually abolished in animals lacking TrpA1-receptor function (TrpA1 1 ), which is required for C4da-dependent mechanonociception ( Fig. 3c) 16 .
To test whether A08n neurons are required for nociceptive behavior, we used the inwardly rectifying potassium channel Kir2.1 to hyperpolarize C4da neurons 33 . Kir2.1 expression in C4da neurons using ppk-Gal4 strongly decreased mechanonociceptive behavior, especially larval rolling ( Fig. 3c) . Similarly, Kir2.1 expression in A08 neurons using three different A08n-Gal4 lines (see Supplementary Table 1 for a full list of transgenic lines) caused a significant reduction in nociceptive responses but did not affect innocuous touch or locomotion behavior ( Fig. 3c and Supplementary Fig. 3a,b) . These results show that A08n neuron activity was required for mechanonociceptive behavior.
Activation of A08n but not DP-ilp7 neurons is sufficient for nociceptive behavior We next addressed whether A08n or DP-ilp7 neurons are sufficient to elicit nociceptive behavioral responses. To this end we expressed CsChrimson in C4da, A08n or ilp7 neurons, which permitted optogenetic activation with long-wavelength (>600 nm) light invisible to larvae. Activation of C4da neurons by CsChrimson resulted in robust induction of nociceptive rolling and escape responses ( Fig. 3d and Supplementary Video 2). Notably, however, the use of ppk-Gal4, but not 27H06-LexA or any other lines, resulted in strong CsChrimson expression in C4da neurons and their partial degeneration ( Supplementary Fig. 4a,b) . Activation of CsChrimson-expressing A08n neurons was sufficient to induce nociceptive responses ( Fig. 3d and Supplementary Video 3) . Most animals displayed rolling and escape behavior immediately after light induction, completely recapitulating C4da neuron-dependent nociceptive behaviors. We confirmed that rolling behavior was specifically linked to A08n neurons using Flip-out experiments, which showed an exclusive correlation between CsChrimson expression in A08n neurons and rolling behavior ( Supplementary Fig. 4c-f ). In contrast, optogenetic activation of ilp7 neurons (ilp7-Gal4,UAS-CsCrimson) did not induce larval rolling ( Fig. 3d) .
We then tested whether inhibition of A08n or ilp7 neurons could suppress nociceptive behavior induced by optogenetic activation of CsChrimson expressing C4da neurons (27H06-LexA,LexAop-CsCrimson). Expression of Kir2.1 in A08n (using 6.14.3-Gal4 or 82E12-Gal4) or ilp7 neurons (ilp7-Gal4) reduced C4da neuroninduced rolling behavior. In particular, A08n neuron silencing resulted in strong suppression of nociceptive responses not further enhanced by ilp7 neuron inhibition ( Fig. 3e) . Conversely, inhibition of C4da or ilp7 neurons did not affect rolling behavior induced by Supplementary Fig. 4g,h ), suggesting that C4da and ilp7 neurons both act upstream of A08n neurons. We also tested a possible direct connection between A08n and DP-ilp7 neurons using Syb-GRASP and calcium imaging. While we detected low levels of specific GFP reconstitution when expressing spGFP1-10-Syb in A08n and spGFP11-CD4 in DP-ilp7 neurons ( Supplementary Fig. 4i-k) , optogenetic activation of neither A08n (82E12-Gal4) nor ilp7 neurons (ilp7-Gal4) elicited calcium responses in the corresponding subset ( Supplementary Fig. 4l ).
Our results show that A08n neurons were necessary and sufficient for nociceptive behavioral responses downstream of C4da neurons. Ilp7 neuron activation, however, was not sufficient to induce nociceptive behavior but played a modulatory role downstream of C4da neurons and upstream of A08n neurons.
DP-ilp7 neurons facilitate mechanonociceptive behavior
To address a possible modulatory link between DP-ilp7 neuron and nociception, we first tested how ilp7 neuron activity affects mechanonociceptive behavior. Notably, ilp7 neuron inactivation by Kir2.1, but not by tetanus toxin light chain (TnT), resulted in strong suppression of mechanonociceptive responses, which indicates that excitability but not synaptic transmission was required for their function (Fig. 4a) . Similarly, Kir2.1 expression using a DP-ilp7 neuron-specific line (DP-ilp7-LexA) consistently inhibited mechanonociceptive responses ( Fig. 4a and Supplementary Fig. 5a ). Ilp7 neuron silencing (ilp7-Gal4,UAS-Kir2.1) did not impair innocuous touch behavior ( Supplementary Fig. 3b ), suggesting that DP-ilp7 neuron function is specifically required for nociception.
To test whether DP-ilp7 neuron function can also facilitate mechanonociceptive responses, we used CsChrimson-mediated activation during von Frey filament stimulation. Strikingly, acute optogenetic activation of ilp7 or DP-ilp7 neurons strongly enhanced nociceptive response rates after the first stimulus ( Fig. 4b) . Enhanced mechanonociceptive behavior strictly depended on CsChrimson activation, as behavioral responses under low-light conditions were indistinguishable from those of control animals (ilp7-Gal4, DP-ilp7-LexA or LexAop-Chrimson alone), suggesting that DP-ilp7 neuron activity was necessary for and strongly facilitated mechanonociceptive responses, thus exerting bimodal control on nociceptive behavior.
DP-ilp7 neuron activation scales with multisensory input
Based on the modulatory role of DP-ilp7 neurons in nociceptive behavior, we suspected that their function is linked to their multisensory input. We used larval preparations expressing CsChrimson in subsets of sensory neurons and monitored calcium responses in DP-ilp7 neurons. Activation of C1da and bd ( a r t I C l e S or C4da neurons (using ppk-Gal4 or 27H06-LexA) did not yield significant responses in DP-ilp7 neurons (Fig. 4c ,c′ and data not shown). However, optogenetic activation of C2da neurons, using a newly identified line (R78A01-Gal4; was sufficient to elicit DP-ilp7 neuron responses (Fig. 4c,c′ and Supplementary Fig. 5b,b′) . Our findings on DP-ilp7 neuron connectivity prompted us to test whether DP-ilp7 neuron responses scaled with additional synaptic input. To this end, we coactivated C2da neurons with C3da and/or C4da neurons and found that DP-ilp7 activation was indeed significantly increased with the addition of each class ( Fig. 4c,c′) . While C3da or C4da neurons were not sufficient for DP-ilp7 activation, calcium responses were nonetheless significantly enhanced in a stepwise manner by multisensory activation of C2da-C4da neurons ( Fig. 4c′ and Supplementary Video 4) . Additional activation of C1da and bd neurons did not increase DP-ilp7 neuron responses, suggesting they were not involved in this circuit. These findings show that besides C2da neurons, C3da and C4da but not C1da neurons were functionally connected to DP-ilp7 neurons and contributed to their full activation. We also observed strong DP-ilp7 neuron activation after mechanonociceptive stimulation, to an extent comparable to that following optogenetic activation of C2da-C4da neurons (Fig. 4c,c′) . We did not observe noticeable activation of other ilp7 neurons, except for previously described 34 spontaneous and stimulus independent activity of the two most posterior neurons. Our results
show that DP-ilp7 neurons responded to mechanosensory input via C2da neurons and that calcium responses scaled with additional sensory input from C3da and C4da neurons.
Innocuous-touch neuron function is required for mechanonociceptive behavior and is partially integrated by DP-ilp7 neurons As innocuous-touch neurons (C2da and C3da) are functionally integrated into the nociceptive circuit via DP-ilp7 neurons, we hypothesized that multisensory integration of mechanosensory neuron input might play a crucial role for nociceptive responses. To test the impact of each subset, we first inactivated C2da (R78A01-Gal4), C3da (tsh-Gal80;19-12-Gal4) or both subtypes (tsh-Gal80;C1003.3-Gal4) by expressing Kir2.1 or TnT and analyzing mechanonociceptive responses. Strikingly, larval rolling was strongly impaired when we silenced C2da or C3da neurons ( Fig. 4d and Supplementary Fig. 5c,d) . C3da but not C2da neuron inhibition additionally impaired innocuous-touch responses (Supplementary Fig. 5e ). These results show that C2da and C3da neurons played an essential role in mechanonociception. As C2da neuron-dependent behaviors have not been extensively examined before, we tested their optogenetically induced responses. Unexpectedly, CsChrimson mediated C2da neuron activation (R78A01-LexA or ppk-Gal80;R78A01-Gal4)resulted in continuous I II  I II  I II  I II  I II  I II  I II  I II  I II  I a r t I C l e S rolling of C-shaped animals without the writhing behavior or locomotion speedup observed after C4da neuron activation 23, 35 ( Fig. 4e and Supplementary Video 5). We excluded any co-activation of C4da neurons by using ppk-Gal80 to suppress observed stochastic Gal4 expression of R78A01-Gal4 in posterior and thoracic C4da neurons ( Supplementary Fig. 5b and data not shown). In contrast, C3da neuron activation resulted in larval contraction as previously described ( Fig. 4e and Supplementary Video 6) 22, 36 . Notably, C2da neuron-dependent rolling behavior was partially dependent on DP-ilp7 neuron function ( Fig. 4f ), suggesting that DP-ilp7 neurons integrate aspects of C2da and C4da neuron dependent behaviors. Taking these results together, activity of innocuous-touch neurons (C2da and C3da) was necessary for mechanonociceptive responses, and C2da neuron-dependent C-shaped bending and rolling was partially dependent on ilp7 neuron function.
sNPF localizes to DP-ilp7 dendrites and is required for nociceptive behavior The unexpected result that silencing of ilp7 neurons by hyperpolarization (Kir2.1) but not inhibition of synaptic vesicle release (TnT) impaired nociceptive responses indicated a mechanism independent of direct synaptic neurotransmission (Fig. 4a) . Neuropeptidemediated signaling plays a major role in invertebrate and vertebrate physiology and can strongly modulate the functional state of a circuit 5 . We therefore tested a role for ilp7 peptide in mechanonociception. Unexpectedly, the behavioral responses to the first stimulus 123  185   63  62  62  62  63  62  64 2,000 0 1,000 II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I II  I a r t I C l e S of animals lacking ilp7 peptide (ilp7 ko ) were increased, similarly to reactions to optogenetic activation of ilp7 neurons (ilp7-Gal4,UAS-CsChrimson; Supplementary Fig. 5f ). However, overall rolling responses were not impaired by the lack of ilp7 peptide, suggesting it was not required for mechanonociceptive behavior. Notably, the Drosophila neuropeptide Y (NPY) homolog, short neuropeptide F (sNPF), is prominently expressed in DP-ilp7 but not in other ilp7 neurons (Fig. 5a-a″ and Supplementary Fig. 6a ) 37, 38 . We thus carefully examined sNPF localization in DP-ilp7 and sensory da neurons by immunohistochemistry. sNPF was strongly enriched in DP-ilp7 medial and lateral dendrites (labeled by ilp7-Gal4,UAS-CD4-tdGFP) in apposition to sensory axon terminals, including C4da neurons (labeled by ppk-CD4-tdTomato; Fig. 5a-a″) . Additionally, we detected sNPF expression in C4da neurons themselves, in both the axon terminals and in the soma region ( Fig. 5a,b) . This finding prompted us to test for a functional role of sNPF in nociceptive behavior. We examined larvae homozygous for insertional sNPF alleles (sNPF c00448 and sNPF MI01807 ), which showed strongly reduced sNPF expression ( Supplementary Fig. 6b ). Nociceptive rolling after von Frey filament stimulation was impaired in larvae carrying sNPF homoallelic or heteroallelic combinations (Fig. 5c) , showing that sNPF was necessary for mechanonociceptive behavior.
We tested whether sNPF is specifically required in DP-ilp7 or C4da neurons using RNAi-mediated downregulation using a UAS-sNPF-RNAi line. sNPF knockdown in ilp7 but not C4da neurons resulted in significantly reduced mechanonociceptive responses, an effect that was strongly enhanced in heterozygous sNPF mutant animals ( Fig. 5d and Supplementary Fig. 6c,d) . Conversely, expression of transgenic UAS-sNPF1 or UAS-sNPF2 in ilp7 neurons significantly rescued mechanonociceptive behavior ( Fig. 5d and Supplementary  Fig. 6d ). Collectively, these data suggest that sNPF function in DP-ilp7 neurons is required for mechanonociceptive behavior.
sNPF receptor function in mechanosensory da neurons is necessary for nociceptive behavior The results above implied that DP-ilp7 neuron-derived sNPF plays a crucial role in nociceptive behavior. Therefore, we examined sNPF receptor (sNPF-R) expression to identify responsive neuronal subsets. A GFP enhancer trap inserted in the sNPF-R locus showed widespread neuronal expression in the VNC (sNPF-R Mi08722 ). Notably, close II I II I II I II   I II  I II I II  I II  I II  I II I II  I II I II I II  I II I II I II I II  I II I II I II I 1 0 9 2 VOLUME 20 | NUMBER 8 | AUGUST 2017 nature neurOSCIenCe a r t I C l e S examination revealed that sNPF-R expression was associated with Fas3-labeled axon terminals of C2da, C3da and C4da neurons in sNPF-R Mi08722 larvae (Fig. 5e,e′) . We then tested the functional requirement of sNPF-R for nociceptive behavior by expressing two independent UAS-RNAi lines (UAS-sNPF-R RNAi ) or a dominant-negative sNPFR variant (UAS-sNPF-R DN ) 39 in sensory neurons. Both perturbations of sNPF-R in C2da and C3da (C2/3da, using tsh-Gal80;C1003. or in C4da neurons (ppk-Gal4) resulted in strongly impaired mechanonociceptive responses (Fig. 5f) . Notably, innocuous-touch responses were not affected by the loss of sNPF-R function in C2/3da or C4da neurons, showing that sNPF signaling played a specific role in nociceptive behavior (Supplementary Fig. 6e) . We also assayed a potential function of sNPF-R in basin neurons (using R72F11-Gal4), which integrate inputs from chordotonal and C4da neurons to enhance nociceptive rolling 24 , but we did not detect significant differences in mechanonociceptive behavior (P = 0.29 for UAS-sNPF-R RNAi and P = 0.34 for UAS-sNPF-R DN ; Supplementary Fig. 6f) . These findings show that sensory C2/3da and C4da neurons functionally relied on sNPF signaling to mediate mechanonociceptive but not innocuous-touch responses.
C4da neuron-mediated thermonociceptive behavior is independent of mechanosensitive circuit components and sensory sNPF signaling We extended our analysis to thermonociception to test whether the function of innocuous touch and second-order neurons in nociceptive behavior are modality specific. Local exposure to temperatures above 40 °C has been shown to trigger C4da neuron-dependent larval rolling 14, 16 . We tested larval rolling latencies using a temperature-controlled hot probe for local thermonociceptive stimulation. Silencing synaptic output of C4da neurons using TnT (ppk-Gal4,UAS-TnT) strongly increased the response latency compared to Gal4 and UAS-TnT controls (Fig. 6a) . However, although TnT-mediated silencing of C2/3da or A08n neurons strongly impaired mechanonociceptive behavior, it did not affect thermonociceptive responses (Fig. 6b-d) . Similarly, neither Kir2.1nor TnT-mediated inactivation of ilp7 neurons affected this behavior ( Fig. 6d and Supplementary Fig. 7a) . Although sNPF-mutant larvae (sNPF c00448 or sNPF MI01807 ) showed mildly increased response latencies ( Fig. 6e) , C4da neuron-specific sNPF-R inactivation by RNAi or dominant-negative approaches also did not yield thermonociceptive defects ( Fig. 6f and Supplementary Fig. 7b ). This suggests that sNPF signaling might be important for thermonociception in other neuronal subsets. Collectively, these results show that innocuous-touch, DP-ilp7, A08n neurons and sensory sNPF signaling are not required for thermonociception, suggesting a modality-specific function.
DP-ilp7-dependent sNPF signaling facilitates C4da neuron synaptic output
To get better insight into sNPF function in mechanonociception, we next tested whether ilp7 neuron activity and sNPF affect presynaptic function of C4da neurons and their output to A08n neurons a r t I C l e S ( Supplementary Fig. 7c,c′) . We monitored presynaptic calcium responses in C4da neuron axon terminals by GCaMP6s expression (27H06-LexA,LexAop-GCaMP6s) and detected local calcium transients after mechanical stimulation of the corresponding body wall segment (Fig. 7a,a′) . However, Kir2.1-mediated ilp7 neuron inhibition significantly reduced presynaptic calcium responses, suggesting that DP-ilp7 neurons provide facilitating feedback to C4da neurons (Fig. 7a′) . We next tested whether C4da neuron responses require DP-ilp7 neuron-derived sNPF. Heterozygous sNPF cc00448 larvae showed strongly impaired presynaptic calcium responses in C4da neurons after von Frey filament stimulation (Fig. 7b,b′) . These defects could be rescued by sNPF1 expression in ilp7 neurons, suggesting a paracrine function of sNPF in C4da neuron activity.
Likewise, we tested the requirement for mechanonociceptive circuit components in regulating A08n neuron responses. Ilp7 neuron inhibition strongly reduced the calcium responses of A08n neurons (82E12-LexA, LexAop-GCaMP6s; Fig. 7c,c′ and Supplementary Fig. 7d,d′) . Notably, such reduction was comparable to that induced by Kir2.1 expression in C4da (ppk-Gal4) or C2/3da neurons (C1003.3-Gal4), suggesting that all identified mechanosensory circuit components were required for maximum activation of A08n neurons.
To test whether sNPF signaling might be the main driving force, we downregulated or inhibited sNPF-R function in sensory neurons and measured A08n calcium responses after mechanonociceptive stimulation. Notably, sNPF-R RNAi or sNPF-R DN overexpression in C2/3da or C4da neurons both resulted in strongly reduced A08n calcium responses (Fig. 7d,d′,e,e′) . These results show that sNPF-R function in C2/3da and C4da neurons was individually required for full A08n neuron activation after mechanonociceptive stimulation. Together, these findings support the idea that mechanosensory activation of DP-ilp7 neurons and their sNPF release to C2da, C3da and C4da neurons was required for facilitation of C4da neuron synaptic output onto A08n neurons.
DISCUSSION
Core and integrating auxiliary nociceptive circuit components are required for escape behavior Here we identified and characterized a previously uncharacterized, modality-specific node of the nociceptive network required for 27H06-LexA, LexAop-GCamp6s;
C4da response (45 mN) a r t I C l e S mechanically induced escape behavior. We demonstrate that C4da neurons formed functional synaptic contacts with A08n neurons, which have recently been suggested as being involved in nociceptive behavior 23 . We further show that they responded to mechanonociceptive stimuli (relayed via C4da neurons) and were necessary and sufficient for nociceptive behavior. Anatomically, our results suggest that A08n neurons were core relay neurons, as they received input from all C4da neurons and thus potentially conveyed nociceptive information from anywhere on the body wall. Moreover, we show that robust escape responses to mechanonociceptive stimuli required the activity of C2da and C3da sensory neurons, which normally respond to innocuous touch. Strikingly, we found that neuropeptide-producing DP-ilp7 neurons integrated mechanosensory input from C2da, C3da and C4da neurons to facilitate nociceptive escape behavior. DP-ilp7 neurons received C4da neuron input along the entire VNC (even though such input alone was not sufficient to elicit physiological responses) and responded to input from touch-responsive C2da neurons as well as to coincident activation of C3da and C4da neurons. Thus, innocuous and nociceptive mechanical cues can be integrated, at least in part, by their convergence onto DP-ilp7 neurons.
Previous results have suggested that C2da and C3da but not C1da neurons respond to mechanical stimulation 12 ; further, C3da neuron activity and the mechanosensitive channel NompC are required for innocuous touch 12, 13 . In our study, we found that, unexpectedly, C2da neurons were required in mechanonociceptive behavior but not innocuous-touch responses and that their activation induced C-shape bending and slow rolling that depended partly on DP-ilp7 neuron function. Thus, C2da neurons mediated aspects of nociceptive behaviors.
In vertebrates, nociceptive and innocuous-touch inputs converge both mono-and polysynaptically within the dorsal horn 1, 2, 40 . Notably, VGLUT3 is specifically expressed in C-low-threshold mechanoreceptors and is required for injury-induced hypersensitivity to mechanical stimuli, suggesting that vertebrate innocuous-touch receptors participate in nociception as well 41 . Consistently, alleviation of mechanically induced pain requires low-threshold mechanoreceptor function in mice 42 . It should be interesting to investigate the mechanism of innocuous and nociceptive touch integration at the network level in higher organisms in more detail.
Multisensory integration of mechanosensory stimuli facilitates modality-specific nociceptive behavior Like most vertebrate nociceptors 1 , C4da are multimodal neurons detecting nociceptive mechanical, thermal and aversive-light stimuli. Both thermo-and mechanonociceptive stimulation elicit C4da neurondependent rolling and escape responses 14, 22 , while short-wavelength light triggers an avoidance response 21, 43 . How activation of C4da neurons (by different stimuli) produces distinct or seemingly identical nociceptive behaviors is not fully understood. A recent study showed that light and thermal stimulation evoke low-frequency firing trains and rapid bursting, respectively, in C4da neurons 44 , suggesting that modality-specific physiological responses might be one mechanism. Our data add another differentiating mechanism: mechanonociceptive behavior relies on recruitment of discrete network components of the nociceptive network (innocuous touch and DP-ilp7 neurons), which are not required for thermal responses ( Supplementary  Fig. 7e) . Notably, TrpA1-expressing neurons in the larval CNS respond to steep temperature gradients and can induce nociceptive rolling 45 . These cells might be connected to C4da neurons, suggesting that another modality-specific subset of the circuit may encode thermonociception.
Our finding that inactivation of C2da, C3da or DP-ilp7 neurons virtually completely blocked mechanonociceptive but not thermonociceptive behavior suggests that integration of mechanosensory neurons is critical for modality-specific escape behavior. While non-nociceptive stimuli alone are not sufficient to trigger nociceptive responses, vibrational stimulation of chordotonal neurons has been shown to enhance C4da neuron-mediated escape behavior 24 . Both sensory pathways are integrated at the second-order level by local basin neurons and further converge on command-like neurons (termed 'goro') at the fourth level. Similarly, DP-ilp7 neurons provide a neural substrate for innocuous-and nociceptive-touch integration. Integration of multiple mechanical modalities at multiple levels might protect against predators like the parasitoid wasp Leptopilina boulardi, which provide multisensory cues (wing beat, innocuous and nociceptive touch) that are very potent in eliciting larval nocifensive responses 22 .
sNPF signaling facilitates C4da neuron output and nociceptive behavior While many components of the nociceptive network in Drosophila larvae have been described 24 , the role of neuromodulation has not been extensively investigated. We showed that DP-ilp7 neuron activation was sufficient to facilitate mechanonociceptive behavior. Strikingly, sNPF, but not ilp7 peptide, expressed in DP-ilp7 neurons plays a critical role in mechanonociception. sNPF is dendritically localized in DP-ilp7 neurons in direct apposition to sensory nerve terminals. The corresponding sNPF-R is expressed in C2da, C3da and C4da neurons, suggesting that sNPF provides an activity-dependent regulatory feedback signal within this circuit. Reducing the function of either sNPF in DP-ilp7 or sNPF-R in sensory C2da and C3da or C4da neurons impaired mechanonociceptive behavior. Notably, sNPF is also localized to C4da neuron axon terminals, and its knockdown there leads to thermonociceptive hypersensitivity 46 . This raises the possibility that sNPF has distinct functions in nociception depending on when and where it is released.
Drosophila sNPF is involved in feeding 39, 47 and sleep 48 behavior. Notably, food-search behaviors in starved animals rely on sNPFdependent presynaptic facilitation in olfactory receptor neurons 49 . Here we propose that DP-ilp7 neuron activation by sensory neurons results in local sNPF release and feedback facilitation of sensory neuron output via sNPF-R signaling (Supplementary Fig. 7e,f) . Our data show that DP-ilp7 activity and sNPF were necessary for full C4da and A08n neuron activation after mechanonociceptive stimulation, suggesting that activity-dependent sNPF release was critical for facilitating nociceptive output. Consistently, we found that sNPF-R function in C4da neuron was necessary for A08n neuron activation, suggesting that sNPF signaling regulated synaptic output. Unexpectedly, sNPF-R was functionally and behaviorally required not only in C4da but also in C2/3da neurons, although they are not directly connected to A08n neurons. It is possible that C2/3da neuron output on DP-ilp7 neurons might be reduced upon sNPF-R inactivation, which in turn reduces sNPF release and C4da neuron output. Alternatively, C2/3da neuron output to additional network components might indirectly regulate A08n activation.
Taken together, we have uncovered a mechanism that encodes modality-specific nociceptive behavior through recruitment of specific network components, multisensory integration and neuromodulatory feedback signaling. Notably, the closest mammalian homolog of sNPF-R, NPY receptor 2, is expressed in mechanonociceptive A-fibers, which mediate paw withdrawal in mice 42 . Moreover, NPY is highly expressed in the dorsal spinal cord and can act to alleviate chronic pain 50 . Thus, modality-specific network regulation by NPY and other neuropeptides may have an evolutionarily © 2017 Nature America, Inc., part of Springer Nature. All rights reserved. a r t I C l e S conserved role in regulating network function under both physiological and pathological conditions 5, 6 .
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. 6.14.3-Gal4, A08n-spGal4, 82E12-Gal4 2nd , UAS-FRT-spGFP1-10-CD4.-3xflag6xHis-FRT-spGFP11-CD4-tdTomato and DP-ilp7-LexA transgenes. We used the InSITE system Gal4 starter line to generate new Gal4 insertions 28 . Newly generated Gal4 lines were mapped and tested for expression using UAS-CD4-tdGFP,ppk-CD4-Tomato. Line 6.14-Gal4 (in which the transgene was inserted on a TM6b,Tb balancer chromosome) had a promising expression pattern and was mapped to an insertion within the rab11 gene using Splinkerette PCR 69 . Defined enhancer fragments flanking the original insertion site were cloned into a Gateway TOPO vector (Life Technologies) and subsequently into the pBPGuw vector 70 . New transgenic lines were generated with phiC31-mediated transgenesis 71 in the attP2 locus (BestGene). A 1.3-kb enhancer fragment downstream of the original 6.14 insertion within the rab11 gene (6.14.3 primer sequences: TGCTACTACGCCATAAAT and CTGCAAAGGATTAGAGGGAA) showed expression in a small subset of 10-12 CNS neurons, including A08n neurons.
generation of
We used an intersectional split-Gal4 approach 72 to generate A08n split-Gal4 transgenes. 6.14.3 and 82E12 23 enhancer fragments were cloned into pBP-ZpGAL4-DBD-Uw (Addgene, #26233) and pBP-p65-ADZp-Uw (Addgene, #26234) 73 to generate Gal4 DNA-binding domain (6.14.3-DBD) and activation domain (82E12-AD) constructs, respectively. Transgenic lines were generated in the attP40 (82E12-AD) and attP2 (6.14.3-DBD) loci (BestGene), respectively, and combined to achieve defined expression in A08n neurons.
A second-chromosome insertion of 82E12-Gal4 (82E12-Gal4 2nd ) was generated by P-element mobilization using transgenic ∆2,3-Transposase and screening for new insertions on the second chromosome.
To generate a CD4 Flip-out cassette, we introduced a 5′ FRT site and 3′ polyadenylation sequences (from Histone 2A1) into MultiSite Gateway pENTRY vectors (ThermoFisher). We then subcloned split-GFP-carrying CD4-CFP and CD4-tdTomato cDNAs into complementary pENTRY vectors (pENTRY-FRT-spGFP1-10-CD4-CFP-3xpolyA and pENTRY-FRT-spGFP11-CD4-tdTomato-polyA, respectively). We then combined both pENTRY plasmids into a pDEST vector (containing five UAS sites) using a three-way Gateway reaction. Transgenic lines were generated in the attP2 locus (BestGene). optogenetic activation assays. Optogenetic assays with staged third instar larvae (96 h AEL) were essentially performed as described 79 , except that CsChrimsonmediated activation was used. Embryos were collected on grape juice agar plates and supplied with fresh yeast paste containing 5 mM all-trans-Retinal and kept at 25 °C in the dark. Staged and density-controlled third instar larvae (96 h ± 3 h AEL) were then collected under low red-light illumination, and 15-20 larvae per experiment were assayed on a 10-cm 2% agar dish containing 1 mL of water. Larvae were kept in a dark box illuminated only by a custom-made infrared light frame and videotaped. CsChrimson activation was performed by illumination with a 625-nm light source (LED backlight Phlox RGB-BL-S-Q-1R; 2,000 cd/m 2 , Phlox Corp.) for 5 s at 0.2 mW/mm 2 . Videos were analyzed in a blinded fashion offline and scored for nociceptive rolling during the 5-s activation period. Each genotype was tested multiple times on different days, and data from all trials were combined. Statistical significance was assessed by the χ 2 test (n > 100). mechano-and thermonociception assays. Experiments were performed with staged third instar larvae as described for mechanonociception 22 and thermonociception assays 14, 16 . Animals were staged for 6 h and allowed to develop for 4 d (96 h ± 3 h AEL).
For mechanonociception, forward-locomoting larvae were stimulated on midabdominal segments (a3-a5) with a 45-mN von Frey filament, twice within 2 s. Each behavioral response was scored as non-nociceptive (no response, stop, or stop and turn) or nociceptive (bending, rolling). Rolling and bending behavior was classified as nociceptive due to their absence in TrpA1-mutant animals. Stopping, turning or no response were scored as non-nociceptive behaviors. For simultaneous CsChrimson activation, all-trans-retinal-fed larvae 35 were stimulated with simultaneous acute exposure to 625-nm light using a xenon light-coupled stereoscope (10 mW/mm 2 , Olympus). Each genotype was tested multiple times on different days, and data from all trials were combined. Statistical significance was calculated using the χ 2 test.
For thermonociception using a local hot probe, a custom-built thermocouple device was used to keep the applied temperature constantly at 46 °C. Stageand density-controlled third instar larvae (96 h ± 3 h AEL) were used, and all experiments were performed in a blinded fashion. Forward-locomoting larvae were touched with the hot probe on midabdominal segments (a4-a6) until they exhibited nociceptive rolling (i.e., for up to 10 s). Animals were videotaped and rolling latencies analyzed in a blinded fashion using ImageJ (NIH, Bethesda). Each genotype was tested multiple times on different days, and data from all trials were combined. Statistical significance was calculated using Kruskal-Wallis ANOVA and pairwise comparison with Dunn's post hoc test. gentle touch assays. Gentle touch assays were performed and scored according to Kernan et al. 80 in a blinded fashion. Staged and density-controlled third instar larvae (96 h ± 3 h AEL) were touched on the second thoracic segment with an eyelash four times each. Each reaction was scored and summed as a touch score. Each genotype was tested multiple times on different days, and data from all trials were combined. Touch scores were represented as box plots with whiskers, with the center line representing median values and the upper and lower edges of the boxes representing the 25th and 75th percentiles of the sample data, respectively. The short line within the box represents the mean of the data. Upper and lower whiskers represent the 5th and 95th percentiles of the sample data, respectively. Statistical significance was calculated using the nonparametric Mann-Whitney test. larval locomotion analysis. Larval locomotion analysis was performed using a FTIR (frustrated total internal reflection)-based tracking system (FIM, University of Münster) 81 . We video-captured 5 freely moving larvae per trial for 1 min and analyzed average locomotion speed using FIMtracking software (FIM, University of Münster). Each genotype was tested multiple times on different days and data from all trials were combined. Average velocities were represented as box plots with whiskers, with the centerline representing median values, upper and lower edges of the boxes representing the 25th and 75th percentiles of the sample data, respectively. The short line within the box represents the mean of the data. Upper and lower whiskers represent the 5th and 95th percentiles of the sample data, respectively. Statistical significance was calculated using the nonparametric Mann-Whitney test. gcamP6 calcium imaging. Staged third instar larvae (96 h AEL ± 3 h AEL) were pinned on a Sylgard (Dow Corning) plate and partially dissected in physiological saline 21 to expose the VNC. A08n or DP-ilp7 neuron somata or C4da neuron axon terminals expressing GCaMP6m or GCaMP6s were live-imaged by confocal microscopy with a 40× water objective (Olympus FV1000MP). Activation of sensory neurons was achieved either by class-specific expression of CsChrimson (625 nm/5 s, 0.2 mW/mm 2 ) or by providing a mechanonociceptive cue using a micromanipulator-mounted von Frey filament (45 mN) and stimulation of midabdominal segments (a3-a5). Baseline (F 0 ) and relative maximum intensity change (∆F max ) of GCaMP6 fluorescence was analyzed. ∆F max /F 0 values were represented as box plots with whiskers, with the centerline representing median values, upper and lower edges of the boxes representing the 25th and 75th percentiles of the sample data, respectively. The short line within the box represents the mean of the data. Upper and lower whiskers represent the 5th and 95th percentiles of the sample data, respectively. Statistical significance was analyzed using Mann-Whitney U test with Bonferroni correction for multiple comparisons.
Statistics.
No statistical methods were used to predetermine sample sizes, but sample sizes were chosen to be similar to those reported in previous publications 15, 16, 22, 49, 79, 80 . Normal data distribution was tested using a Shapiro-Wilkinson test. If normality was given, two-tailed unpaired Student's t tests and χ 2 tests were used to compare two groups. If normality was not given, a nonparametric Mann-Whitney U test was used. For multiple comparisons of categorized thermonociception data, a Kruskal-Wallis ANOVA with Dunn's post hoc comparison was performed. Statistical differences were considered significant for P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). Statistical testing was performed using Origin Pro (OriginLab Corp.), SigmaPlot (Systat Software Inc.) and Excel (Microsoft Corp.). A Supplementary methods checklist is available.
data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
